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PREFACE 


This report covers the befcre, during, and after en- 
gineering experience in construction of pile-supported 
structures on soft lake sediments predominated by lean 
clay. The construction of heavy structures on soft, 
somewhat sensitive, clay foundations presents difficult 
problems to soils engineers and structural designers. In 
prior to construction and accurate readings were taken 
on instruments placed in the foundation. One of tae 
greatest needs in soils engineering research, as ex- 
pressed in the ASCE “Report on 10-Year Research 
Needs in Soil Mechanics and Foundation Engineer- 
ing”, is the broad attack on complex problems of major 
projects involving (1) the best analytical procedures, 
(2) the most advanced testing procedures, and (3) the 
direct measurement of performance of structures. The 
latter requirement is usually neglected because of its 
cost and other difficulties. 

For these reasons, the compieteness of the treatment 
of the foundation problems discussed herein, with the 
details presented on several novel test methods and 
full-scale field observations, makes this report a valu- 
able source of information to structural and soil 
mechanics engineers faced with similar foundation 
problems. It may also be of educational value to the 
engineering departments of universities, colleges, and 
technical schools. Several schools have expressed an 
interest in the pioneering efforts of the Bureau of Rec- 
lamation in the various fields of engineering research 
pertinent to the design of multipurpose water resource 
projects, particularly when full-scale field tests are 
involved. 
two pumping plants which were required on the Wil- 
lard Canal, which crosses a part of the Great Salt Lake 
Basin near Ogden, Utah. The generally unstable char- 
acteristics of the foundation soils in this area were 
sign of Willard Dam, another Bureau of Reclamation 
soils engineering explorations and tests at the proposed 
plant sites confirmed that pile supports would be re- 





ber friction piles into the firmer strata which exist at 
depths below the plant grades. 

and field pile tests dictated the design for depth and 
spacing of the timber piles for construction. The valid- 
ity and value of this foundation testing program are 
confirmed by the results of the settlement observations. 
Several pairs of benchmarks were set in the base of 
each pumping plant for recording settlement. Sub- 
sidence test readings were taken at regular intervals 
during construction and for about a year after com- 
pletion of the pumping plants. The appreciable load 
changes affected by backfilling the extensive excava- 
tion for the plant foundations were apparent in the 
settlement observations. The backfilling operation ac- 
celerated settlement and encompassed the entire pile 
foundation. The effect of this load change was a matter 
of concern but was temporary. 

The Weber Basin project of the Bureau of Reclama- 
tion in Utah consists of numerous dams, miles of pipe- 
lines and canals, and several pumping plants. The two 
pumping plants, Willard Pumping Plants No. 1 and 
2, are major features of the project. Water is diverted 
from the Weber River, during periods of high flow, 
through the Willard Canal into a reservoir formed by 
the 14%-mile-long Willard Dam, which isolates part 
of Willard Bay from the Great Salt Lake. During irri- 
gation seasons and low river flow periods, the Willard 
Pumping Plants pump water from the reservoir into 
the “two-way” canal system. To serve their important 
function in the Weber Basin reclamation system, these 
pumping plants were of necessity located on the flat 
shores of the bay area which had no promise of a “nea~ 
surface” foundation. The extensive soil investigation: 
and pile tests covered by this report were necessary 
to assure a stable foundation. 

This publication includes the data on the soil tests 
and field pile tests which were furnished in the labora- 
tory reports listed here as the source documents. 

Source documents for Research Report No. 11 in- 
clude the following Bureau of Reclamation Soils Engi- 
neering Laboratory reports and papers: 

Report No. EM-623, “Laboratory Studies of 
Foundation and Embankment Materials—Wil- 


lard Pumping Plants No. 1 and 2—Weber 
Basin Project, Utah,” May 1, 1961, by C. A. 
Lowitz. 

Report No. EM-622, “Report of Pile Testing Pro- 
gram for Willard Pumping Plants No. 1 and 
2—Weber Basin Project, Utah,” May 3, 1961, 
by H. J. Gibbs and H. C. Pettibone. 

Report No. EM-696, “Settlement at Willard 
Pumping Plants No. 1 and 2—Weber Basin 
Project, Utah,” September 15, 1964, by J. Mer- 
riman. 

“Construction Load Effects on Settlement of a 
Soft Clay Foundation,” by H. J. Gibbs and J. 
Merriman, Proceedings, Sixth International 
Conference on Soil Mechanics and Foundation 


Engineering, Montreal, Canada, September 15, 
1965, Vol. II, pp. 247-251. 

“Effects of Driving Displacement Piles in Lean 
Clay,” by W. G. Holtz and C. A. Lowitz, Jour- 
nal of the Soil Mechanics and Foundation Divi- 
sion, ASCE, Vol. 91, September 1965, pp. 1-13. 


Included in this publication are an abvtract and list 
of descriptors, or keywords, and “identifiers”. The ab- 
stract was prepared as part of the Bureau of Reclama- 
tion’s program of indexing and retrieving the literature 
of water resources development. The descriptors were 
selected from the Thesaurus of Descriptors, which is 
the Bureau’s standard for listings of keywords. 

Other recent issues in the Water Resources Tech- 
nical Publications group are listed on the inside back 
cover of this report. 
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SECTION I.—INTRODUCTION 


General 


Willard Pumping Plants No. 1 and 2 on the Bureau 
of Reclamation’s Weber Basin project near Ogden, 
Utah, required extensive investigations of deep, soft 
lake sediments. The plants are between the project’s 
major feature, the 14.5-mile-long Willard Dam, and 
the Weber River, as shown on figure 1. The Willard 
Dam encloses a portion of Wiilard Bay on the Great 
Salt Lake. The dam stores fresh water, which is 
pumped by the Willard pumping plants into an irriga- 
tion distribution system near the city of Ogden. These 
plants also serve to refill the reservoir behind Willard 
Dam by pumping surplus flows from the Weber River, 
thus performing a dual function. The pumping plant 
sites were necessarily in the broad expanses on the flat 
shores of the bay area, which had no promise of an ade- 
quate near-surface foundation and required piles. The 
site for Pumping Plant No. 1 may be visualized by the 
area shown in figure 2. The principal problem of the 
exploration program was to obtain sites for the struc- 
tures which would have firm material within a reason- 
able depth. 

The foundation soils in this area of the Salt Lake 
Basin are generally low-density lean clays with numer- 
ous silt and sand lenses. Many of the lenses are quite 
thin, but some have thicknesses to 20 feet and may be 
of considerable laterai extent. The soils are generally 
soft and of low density, often having very low penetra- 
tion resistance values between depths of i 
30 to 60 feet. Below about 60 feet, the soils generally 
become firmer with depth. The sediments, at reason- 
able depth for the base of pile supports, were less stable 
in the general area chosen for the location of Plant No. 
1. The selection of this site, therefore, required the 
more extensive exploration and testing. 

The depths of the plant foundations, as set by other 
design considerations, were 35 feet and 30.5 feet below 
ground surface for Plant No. | and Plant No. 2, respec- 
tively. At these depths the plant foundations were near 
the top of an approximate 20-foot-thick unstable lean 
clay strata. 


The Soil Testing Program 

The general characteristics of the foundation soils 
were known from investigations conducted for the de- 
sign of Willard Dam. As the lake sediments constituting 
the foundation soils are several hundred feet deep, a 
pile foundation was anticipated. It was desired to locate 
the sites where soils of the greatest firmness existed. 
This was largely accomplished by exploration with the 
field penetration test using the split-tube sampler.’ 
After the sites had been tentatively selected they were 
explored by test holes in which in-place vane shear 
tests* were made and thin-wall drive samples were 
taken. Laboratory tests were made on these samples to 
determine the characteristics of the soils below plant 
grades. Tests were also made to determine the charac- 
teristics of the soils above grade to analyze the stability 
of the excavated slopes. The water table in the area is 
high, about 4 feet below the ground surface. 

Forty split-tube penetraitior: test holes and six 3-inch- 
were drilled at the two plant sites and other locations 
in the area to bottom depths of 40 to 200 feet. The 
fied as lean clay (CL) with properties as shown in 
table 1. 
also performed in the laboratory on several representa- 
tive samples. The data given in table 1 are for soils 
close to or below plant grade elevations. A typical drill 
hole log and penetration resistance data are shown in 
figure 3. Typical consolidation test results for a range 
of initial in-place void ratio conditions are shown in 
figure 4. The softer samples from the upper levels had 
natural void ratios as high as 1.40 tw 1.50 and consoli- 
dated large amounts with compression indices in the 
order of 0.45 in load ranges of 10 to 100 psi. At lower 
depths, near 70 feet, natural void ratios were in the 
order of 0.95 to 1.10 and the samples were less com- 
pressible, with compression indices in the order of 0.20 
for the same load. range. 


* Earth Manual, First Edition, 1960. 
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Figure 1—Location map. 
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Figure 2—Excavation and foundation construction, Willard Pumping Plant No. 1. 
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Taste 1.—Soil properties 
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Figure 3 —Typical drill hole log, penetration test data, and pile driving data. 


The expiorations and investigations performed at the 
plant sites confirmed thet pile foundations would be 
required and that adequate bearing could be obtained 
by means of timber displacement piles driven into the 
firmer strata that existed at depth below plant grade. 

When designing structures on saturated silts and lean 
clays of low density, there is concern that the soils may 
be sensitive to remolding if the relationship between 
plastic properties and densities becomes critical. In the 
case of the Willard pumping plants, the condition ap- 
peared to be borderline in this respect, with some of 
the samples indicating sensitivity and some close to a 
sensitive condition, as shown in figure 5. The numerous 
in-place penetration tests showed many low strength 
areas of lean clay, particularly between depths of 30 
to 60 feet. Some tests indicated no measurable strength 
by this method (table 1). Vane shear tests also were 
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made during exploration at the sites. The natural and 
remolded maximum strength values are given in table 
1. The vane tests showed that the strength loss of the 
natural fine soil, when remolded along the failure 
plane, averaged 62 percent. 

Becawie of the strength characteristics indicated by 
these field tests and the laboratory strength tests, it was 
decided to conduct a group of special laboratory tests, 
pile loading tests, and vane shear tests adjacent to the 
test piles to assist in judging whether driving displace- 
ment piles in the fine-grained soils might lower their 


Special Laboratory Tests 
The special laboratory tesis were made to (a) eval- 
uate the changes in compressibility from driving dis- 
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placement piles, and (b) to study the strength gain or 
loss of pile bearing with ume. 

Compressibility—To study the possible compres- 
sibility changes in the laboratory, two series of con- 
solidation tests were conducted on thin-wall ( %-inch) 
drive samples, 5 inches in diameter, taken in repre- 
specimens that were cut from the samples and tested 
as follows: 

1. Specimen A, which was similar to a triaxial 
shear specimen, was cut 34% inches in diameter by 9 
inches long and was sealed in a rubber membrane 
that was clamped to perforated end plates, and then 
placed im a three-dimensional consolidation appa- 
ratus. All-around chamber pressures of 0.35, 12.5, 
25, 50 and 100 psi were applied. Drainage was per- 
mitted. 

2. Specimen B was the same as Specimen A ex- 
tightly in a metal cylinder and four ¥2-inch-diam- 
eter by 8-inch-long wooden dowels (model piles) 
were pushed into the sample. These dowels provided 
approximately the same amount of displacement 
area to soil area as anticipated for piles to be placed 
in the prototype foundation. The remaining test pro- 
cedure was exactly the same as for Specimen A. 

3. Specimen C was cut 4, inches in diameter by 
1% inches deep to fit the standard Bureau of Rec- 
lamation one-dimensional consolidometer and a 
normal consolidation test, using five loadings of 0.35, 
12.5, 25, 530 and 100 psi, was performed. Each 
loading was applied for 24 hours. The saturated 
specimen was covered with water throughout the 
test period and drainage was permitted as consoli- 
dation took place. 

4. Specimen D was made from the same sample 
but was completely remolded to the approximate 
field density and water content to form a 4%-inch- 
diameter by 1%-inch-deep specimen for the stand- 
ard one-dimensional! consolidometer. The remaining 
test procedure was exactly the same as for Specimen 
C. 


The results of the special Series I and II tests are 
given in figure 6. Data obtained from the Series I 
tests are shown by the upper group of curves and the 
data obtained from the Series I] tests are shown by the 
lower group of curves. There were small differences in 
the initial conditions of the four specimens of each 
series: the densities of the Series I specimens varied 
from 70.4 to 73.2 pef and for the Series I] specimens 
from 81.5 to 84.1 pef. In the case of the B specimens 
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of both series the driving of the dowels caused a meas- 
ured increase in density of 0.8 pcf. When the consoli- 
dation data of the A specimens are compared with the 
B specimens (Curves A and B of figure 6), and con- 
sideration is given to the initial densities, i appears 
that the load consolidation characteristics of the soils 
were reasonably similar and thus it was concluded that 
characteristics were not significantly changed by the 
soil displacement of the dowels. Considering, in the 
same manner, C and D specimens that were tested in 
the standard fixed-ring consolidometer, complete re- 
molding did not appear to cause any alarming changes 
in the compression characteristics. Table 2 provides a 
summary of computed compression indices in load 
ranges between 10 and 100 psi. 
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capacity of piles driven into the soft, fine soils and to 
study time effects on load-bearing capacities, special 
laboratory tests were conducted on soil samples in 
which dowels (model piles) were pushed into the 
samples and the effects of time on driving resistance 
were measured. It was thought that remolding as a re- 
sult of placing displacement piles nught sgnificantly 
reduce the soil strength and hence the driving resist- 
ance and load-bearing capacity. If the bearing capacity 
was affected by remolding, it was desired to know how 
much bearing capacity might be regained with tame. 

Five undisturbed drive tube samples (5 inches in 
diameter by 2 feet long) were selected to represent 
the fine-grained soils at depths of approximately 20, 
30, 45, 65, and 75 feet. Four %4-inch-diameter by 15- 
inch-long wooden dowels were pushed into cach 
sample. The samples were not removed from the %- 
on the surface of cach sample at approximately | inch 
from the edge and 8 dowel diameters apart, to mini- 
mize disturbance of the soil between dowels. 

The dowels were individually pushed by a compres- 
sion testing machine at a constant rate of penetration 
of Y_ inch per minute to a total depth of 9 inches, and 
the load required to maintain the constant penetration 
rate was measured. Dowels 1, 2, 3, and 4 of each sample 
were then pushed from the 9-inch to a 10-inch depth 
at i-day, and l-week, 2-week, and 4-week intervals, 
respectively. Figure 7 is a summary plot showing for 
the five samples the initial maximum force required to 
provide the constant rate of penetration from 0 to 9 
inches, the set strength or maximum force required to 

a constant rate of penetration from 9 to 10 
inches after 24 hours, and the normal driving force for 
the 9- to 10-inch depth after the set «t-ength had been 
broken. 

The conclusion was reached that there would be a 
substantial gain i> the resistance of prototype piles to 
penetration under load within a relatively short time 
after driving. Figure 8 shows the detailed record of 
driving resistance versus length of drive for the initial 
drive of 9 inches, and subsequent |-inch drives at 1, 
7, 14, and 28 days. There was approximately a 100- 
percent gain in resistance to driving after the 1-day 
set. In fact, in a few extra tests where loadings were 
resumed after | hour, the resistances increased almost 
the same amount. Further resistances developed at the 
out by later full-scale held tests. 
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Figure 7-—Driving resistance of model piles—Summary. 


Field Pile Testing Program 

After preliminary foundation designs were made and 
the final sites selected on the basis of the field explora- 
tions and laboratory tests, a test pile driving and load- 
ing program was conducted at the two plang sites. Six 
timber test piles were driven inside of open 5-foot- 


The pile-loading tests were conducted in conform- 
ance with ASTM Test Designation D1143-57T. 
Loadings were applied for 24 hours except for piles | 
and 2 in which the 60-ton loads were maintained 5 
days. The maximum loadings varied from two to five 
times the initial contemplated design loads. 

A complete record of this pile testing program is 
described in section III of this report. The driving 
records for piles | and 2 are shown on figure 3 with 
the log and penetration data of an adjacent test hole. 
Piles | and 2 had tip diameters of 8.6 and 8.8 inches 
and butt diameters of 15.5 and 12.9 inches, respectively. 
The driving resistance of these piles varied from very 
low to low in approximately the first 30 feet of embed- 
ment, with resistance increasing beyond this depth as 


firmer layers were encountered. Total resistance in- 
creased with depth for all test piles. In the case of piles 
1 and 2, the final resistance, in terms of the EN formula 
bearing capacity, was 35 and 22 tons, respectively, 
reflecting the amount of embedment. All test piles 
showed large increases in driving resistance when delays 
during driving occurred, as did the model piles in the 
laboratory. No test piles showed any indication of 
failure under the applied loadings. The 100-ton load- 
ings for 24 hours produced downward movements of 
0.4 and 0.3 inch, respectively, for piles 1 and 2. 

The heavy dash<dot line on the pile-penctration 
portion of figure 3 was initially plotted for the purpose 
computed from the formula 

a | £ | PPPererrerererrye {1) 


in which K = a facter, depending on the soil properties, 
d= depth increment for value N, expressed in feet, and 
N= number of blows per foot for standard penetration 
test. This method of estimating pile bearing capacities 
has been previously examined. 

As a further check for possible strength changes in 
the fine soils, 10 vane shear tests were conducted at 
Site 1 before and after driving test piles 1 and 2 at 
locations adjacent to the piles. This series of vane shear 
tests, in which a 3-inch-diameter by 6-inch-high vane 
was used, included two tests made prior to pile driving 
at a location midway between the locations scheduled 
for driving piles 1 and 2, at depths of 45 and 60 feet. 
Within 24 and 48 hours after driving piles | and 2, 
respectively, four vane tests also were made at a dis- 
tance of approximately 3 feet from each of the two piles 
and at the same two depths. Later, after the load tests 
were completed (about 6 weeks after driving), four 
additional vane tests were conducted at a distance cf 
about 14 feet from each of the two piles and at the 
same depths. 

Natural stress-strain values were obtained and sev- 
eral remolded values, taken after at least one full 360° 
rotation, were secured. (Rod and instrument friction 
values were determined in accordance with standard 
Bureau of Reclamation procedure and these values 
were deducted from the total torque applied dui ing 
the stressing of the soil for determining the » 
stresses applied to the soil.) Figure 9 is a summary ©! 
the vane shear test data. 

There was no significant loss of strength in soil adja- 
cent to the piles after driving. The number of tests 
showing slight increases in strength was approximately 
equal to the number showing slight decrease, and these 
differences could well be within the range of natural 
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Figure 8—Driving record of model piles. 
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Figure 9—Typical vane shear test results. 


soil variations. It was therefor= concluded that the pile 
of the soil. The remolding cycles of the vane test 
caused an average strength loss of 66 percent. Thus, 
the strength loss of the natural soil on vane remolding 
was only slightly greater after pile driving than the 62 
percent average strength loss before pile driving, as 
indicated by the original investigation holes previously 
noted. 


The Construction Program 


During construction, 311 piles were driven for Plant 
No. 1 and 312 piles for Plant No. 2. The design re- 
quired both vertical piles and piles on a 1:3 batter; the 
batter piles were required to resist horizontal static, 
operating, and earthquake loadings. The piles were 
spaced on approximately 3-foot 8-inch centers. The 
piles averaged 7'/2-inch tip diameter and 15-inch butt 
diameter. The average pile embedment below lowest 
foundation grade was 70 feet at Plant No. 1 and 65 
feet at Plant No. 2. At Plant No. 1, the estimated maxi- 
mum total design load at the most critical construction 
period, which included no hydrostatic uplift, was 30 
load during plant operation is 22.5 tons per pile and in- 
cludes all static, operational, and earthquake loadings. 
Similar estimated maximum loadings at Plant No. 2 
are 23 and 27.5 tons per pile, respectively. 


Several pairs of benchmarks, for recording settle- 
ments during and after construction, were provided at 
both plants. The settlements measured from the start 
of construction to about | year after construction have 
been recorded. The pairs consisted of benchmarks 
placed by screwing spiral auger points in soil immedi- 
ately below the structure bases and extending rods 
from these points up through the structure bases and 
floors, and second adjacent benchmarks placed in the 
concrete of the structure floors. 

The difference in elevation changes between the 
ments of the subsoils caused by disturbance if they were 
significant. The differences in the movements between 
the paired benchmarks were negligible at both plants. 
For example, at 13 months after completion of con- 
struction, Benchmark 1 in the floor at the center of 
Plant No. | had settled 0.263 foot since the base con- 
crete was placed. Benchmark 1A in the subsoil imme- 
diately below the floor at the center of the plant and 
adjacent to Benclumark | had settled 0.268 foot, and 
the difference between the two is not increasing. These 
data confirmed the conclusions previously reached on 
the basis of laboratory and field tests that the driving of 
the piles would not produce shear and compressibility 
changes that would cause settlements detrimental to 
the structures. 


SECTION II.—LABORATORY SOIL TESTING 
PROGRAM 


Plan and Objectives 

This section presents the results of laboratory studies 
performed on samples of the subsoils in the foundation 
areas of the proposed Willard pumping plants. 

The subsoil investigations were initiated in 1957, 
when an extensive drilling program was requested near 
the proposed Pumping Plant No. | site. The program 
included penetration-resistance-type dril! holes and 3- 
inch undisturbed drive samples for detailed laboratory 
study. As the investigation program progressed, it be- 
came evident, from the study of the drill logs and 
laboratory test data, that foundation conditions were 
poor because the soft clays encountered had virtually 
no penetration resistance. They were very nearly 
saturated and of extremely low density. Therefore, 
posed site in an attempt to locate a firm sandy layer 
which would support the proposed pumping plant on 
and gravel deposits, but they were relatively thin and 
too small in overall extent to be considered sufficient 
for supporting the proposed pumping, plant. 

Because of the unfavorable foundation conditions 
in the area of the initially proposed site for Pumping 
Plant No. 1, a new location was sought. An alternate 
location in another area was considered to have more 
promise of producing a sand layer at reasonable depth 
for the support of end-bearing piles. The investigation 
program for this location involved detailed penetra- 
tion resistance testing to determine the extent and 
thickness of the sand deposit. When a sand layer of 
sufficient extent and considered adequate for con- 
structing the pumping plant had been located, the in- 
vestigation program was continued by obtaining un- 
disturbed soil samples for detailed laboratory testing. 

The subsoil conditions for Pumping Plant No. 2, 
located at Station 50+00 on the Willard Canal, were 
also investigated by field penetration resistance tests 
tively firm clays underlie this site. 

The testing program for Pumping Plant No. | pro- 
duced test data which were utilized to determine (1) 
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the stability of the cut slope required for construction 
of the pumping plant, and the slope of the plant fill 
section extending into the intake channel, (2) the set- 
tlement which may be anticipated when the construc- 
tion has been completed, and (3) the bearing capacity 
of the soil—soft clay layers and underlying sand stra- 
tum—with respect to pile foundation design. 

shear tests related to six test piles are reported in 
section III of this report. 


Discussion of Tests 

General—A review of the laboratory test data and 
geologic explorations performed at both locations in- 
vestigated for Pumping Plant No. | shows the sites to 
be quite similar except for a firm sand layer of ade- 
quate extent at a lesser depth at the selected location. 
The upper approximate 30 feet of soil is a 1aecdium- 
firm sandy clay. This, at both locations, is underlain 
by a soft clay of low density. The water table was gen- 
erally between 3 and 5 feet below the natural ground 
surface. The design conditions for the pumping plant 
dictate that it be founded at approximate elevation 
4190. Therefore, the undisturbed sampling program 
and laboratory testing were concerned mainly with 
soils taken from below this elevation, in the soft clay 
layer. A summary of identification tests shows these 
materials to be predominantly fine-grained silts and 
these soils range from approximately 70 to 90 pef (dry 
weight), and the natural moistures range from ap- 
proximately 25 to 53 percent. 

Stability studies—Undisturbed samples of the foun- 
testing in triaxial shear and one-dimensional consolida- 
tion. All triaxial shear tests were performed by the con- 
solidated undrained test procedure. Each of the sam- 
ples tested was taken from below the water table. 
Therefore, they were virtually saturated. To enable a 
reasonable testing program, the procedure was modi- 
fied to permit draining of this pore water from the 





men and plates wese then closed, and the specimens 
were tested to failure, rnaintaining the constant applied 
lateral pressures required for the consolidation and 
measuring pore pressures throughout the tests. 

These samples were selected to represent the soft 
materials which were to be encountered in the foun- 
dation area on the basis of the visual description of 
terials tested in triaxial shear represented the soft clay 
layers, with little or no penetration resistance, taken 
from below the pumping plant foundation grade. The 
coefficient of internal friction for these materials ranged 
from approximately 0.2 for the clayey soils, with a 
cohesion of approximately 3 psi, to approximately 0.6, 
with a cohesion of 0, for the more silty materials. The 
most representative materials had a median tan § of 
0.35 and cohesion of 1 psi. This is considered to be 
representative of the strength of the average soft foun- 
dation soils. 

Vane shear studies—Vane shear tests performed in 
the field at the initially proposed pumping plant loca- 
tion are summarized on figure 10. These represent the 
materials found at Drill Holes 517, 518, 519, and 520. 
The total vane shear strength is plotted with respect 
to the depth of soil strata at each location. Drill Holes 
519 and 520 more closely represent the soft clay strata 
beneath the proposed pumping plant site. The average 
undisturbed strength shown here, below the approxi- 
mate pumping plant grade, is approximately 4.5 psi. 
of other vane tests, performed in conjunction with the 
pile load tests, are reported in section III. The average 
remolded strength from the vane shear tests was 2 psi 
for the above holes. 

Unconfined compression tests—Unconfined com- 
pression tests were performed on test specimens at their 
mens represented subsoils ranging in depth from ap- 
proximately 5 to 75 feet. The natural dry densities 
for the soils tested ranged between 65 to 107 pcf, with 
a median density ranging between 85 and 90 pounds. 
The moisture content determined ranged between 20 
and 56 percent, with the median moisture content rang- 
ing between 30 and 35 percent. The unconfined com- 
from approximately 2 to 17 psi, with the median of 
approximately 6 psi. 

The extremes of the moistures, natural densities, and 
unconfined compressive strengths may be attributed 
partly to disturbance of the samples in the sampling 
12 
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Figure 10.—Vane shear tests—lInitial site for Plant No. 1. 


during testing varied considerably from sample to 
sample. Some of the more plastic, soft clay materials 
showed as much as 20 percent axial strain at the com- 
puted failure point. The median percent strain, as com- 
puted at failure points, was approximately 6 percent. 
An empirical evaluation of these data indicated that 
the ultimate bearing capacity of the soft clay layer 
would be approximately 1,700 psf. 

Slope analysis for Pumping Plant No. 1—The re- 
sults of these studies and vane shear test values, which 
were available from field tests, were used for the slope 
stability analyses. Cut slopes of 4:1, 6:1, 8:1, and 
10:1 were investigated. The stability analysis con- 
sidered probable base, toe, or slope failures. The toe 
failures proved to be the most critical. A minimum 
stability factor was determined using a cohesion of | 
psi and values of tan § ranging from 0.20 to 0.56 for 
4:1, 6:1, 8:1, and 10:1 slopes. The results are 
summarized on figure 11. Based on the results of this 
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study, using the average shear strength values, cohesion 
of 1 psi and tan § of 0.35, and a required stability 
factor of 1.5, a channel cut slope of 9 : 1 was indicated. 

The effect of drawdown (lowering the saturation 
line with respect to the cut slope by well points) was 
also investigated. It is shown on figure 11 that a 6:1 
cut slope with 8-foot drawdown (normal to the slope) 
would have a 1.42 stability factor, as compared to 1.10 
stability factor for the saturated condition producing 
full uplift. Also, if an effective drawdown of 14 feet 
could be assured, the study indicated a stability factor 
of 1.30 would be anticipated for a 4:1 slope. In all 
to be maintained prior to and during construction to 
insure the predicted stability. However, the water table 
could be permitted to rise with the backfill if it were 
desired to reduce the effective load and the resulting 
settlement in the underlying soft clay layer. 

It was found that the general conditions of stabil- 
ity, discussed above for the plant cut slope, would also 


apply to the compacted fill section between the pump- 


ing plant and the intake structure; however, as the fill 
would eventually become saturated, a slope of 9:1 
would be required to insure stability. 

the soft clay layers, was based on the critical height 
theory. By applying the average vane shear strengths, 
critical heights (Hc) of 47.7, 48.8, 49.6, and 50.5 feet 
were determined for cut slopes of 4:1, 6:1, 8:1, and 
10: 1. This compares favorably with the stability deter- 
minations made by the slip circle method. 

It was once proposed to backfill the excavated area 
around the pumping plant, and into the intake chan- 
nel, over the concrete intake pipe with a free-draining 
gravel, thereby reducing the volume of fill required 
for stability. The studies performed for this condition 
revealed that the flat cut slopes, as recommended 
above, would be stable, but the additional weight of 
gravel at steeper slopes would create new failure con- 
ditions in the shallower toe circle-type failure. It was 
concluded that the use of gravel backfill would not add 


to the stability; it would merely change the location of 
the failure circle. 

Slope analysis for Pumping Plant No. 2—Field ex- 
plorations in the vicinity of Pumping Plant No. 2 
showed that cut slopes would be excavated in a fairly 
well-graded, free-draining gravel with a high water 
table. Dewatering of the slopes would be essential; 
therefore, no stability problems were anticipated. The 
slopes could be cut slightly flatter than the angle of 
repose for the gravel (about 35°) or not steeper than 
2:1. 
tion tests—A total of seven subsoil foundation samples 
was tested from the initial site location to determine 
mens were selected to represent the soft clay layers. 

The consolidation data from the 36-foot-deep sam- 
ple shown on figure 4 were selected as representative 
of the average for the soft clays. These data were ap- 
plied to the settlement studies. 

The settlement in feet at plant grade due to fill about 
plant, as shown in figure 12, was computed for the 
average subsoil condition in the vicinity of Pumping 
Plant No. 1, assuming a soft clay layer between eleva- 


ions 4190 and 4155. The settlement within the 35-foot 
layer of soft clay was computed fir the maximum 
range of loads that could develop due to dewatering 
the area and compacting the fill in the excavation 
adjacent to the pumping plant. The maximum antici- 
pated settlement would be caused by retaining the 
water table below plant grade elevation 4190 and com- 
pacting the fill to the finished grade, 4225. The load 
increase, over the buoyant weight of soil removed, 
would be approximately 2,500 psf at elevation 4190. 
Figure 12 shows a settlement of 1.5 feet might occur 
due to the fill above plant grade. Settlement of this 
type would be minor at Plant No. 2 because the clay 
foundation is firmer than at Plant No. 1, and the final 
natural loadings. 

Consideration was given to the settlement of the soils 
below pile tip grades at Pumping Plants Nos. | and 2. 
The following analyses are based on pile tip locations 
at elevation 4130 at Plant No. 1, and elevation 4179 at 
Plant No. 2, and an added total load (plant load+ 
soil load) at the extremities of the pile tips of 400 psf 
at Plant No. 1 and 200 psf at Plant No. 2. 

For Pumping Piant No. 1, the clay layer of approxi- 
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Figure 12—Typical bearing load test results. 
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mately 10-foot thickness will have maximum settle- 
ment of approximately 0.07 foot. For Plant No. 2 
(DH-565), the 15-foot layer of soft clay below eleva- 
tion 4179 was considered The maximum 
settlement of 0.02 foot was computed for these 

Siti 

Model pile studies—The model pile studies were 
performed to determine the behavior of the soft clayey 
stratum and the magnitude of strength loss due to re- 
working and disturbance of pile driving. Five undis- 
turbed drive-tube samples of very similar soils were 
density were determined for each sample prior to the 
testing. Wooden dowels of 44-inch diameter and ap- 
proximate 15-inch length were used to represent the 
piles. Four of these were driven into each of the un- 
disturbed samples, being equally spaced in the soil to 
minimize the effect of disturbance from one pile to the 
other. The five samples were selected to represent 
depths of 20, 32, 45, 65, and 75 feet. The piles were 
driven at a constant rate of strain of approximately 14 
inch per minute to a total initial depth of 9 inches. 
A stress-strain curve was plotted to show the increased 
driving resistance with depth. For each of the first four 
samples, pile 1 was permitted to set for 24 hours and 
then driven for 1 more inch, depth 9 to 10 inches, to 
check the amount of strength gained by “setting”. Pile 
2 was permitted to set for 1 week ; pile 3, 2 weeks; pile 4 
was permitted to set for 4 weeks, and their respective 
“set” strengths were measured. The fifth sample, 28K- 
62, was tested to determine the rate at which the set 
strength would build up. In this sample, each of the 
four piles was driven, as above, to the 9-inch depth. 
The above procedure varied in that pile 1 was allowed 
to set for 5 minutes; pile 2, 1 hour; pile 3, 4 hours; and 
pile 4 for 24 hours. Figure 8 shows the results of the 
driving tests. The average driving resistance of the four 
piles is shown plotted against the initial depth for each 
of the five soil samples. Also shown is the resistance of 
each pile to further driving after varying periods of 
“set”. Figure 7 is a summary of the data derived from 
pile studies, in which the driving resistance and set 
strengths are shown with respect to depth of sample. 
The driving resistance shown here is based on the 
circumferential area of the pile. This plot shows that 
the driving resistance for a piling will increase, inde- 
pendent of length, with the depth of soil strata. The 
plot also shows the gain of strength with time. 

Effect of piles on soil remolding— Additional studies 


were performed to determine the relative consolidation 
characteristics of the natural soil with respect to the 
same soil in which the model piles were placed. This 
was done by cutting two test Specimens A and B (3- 
by 93-inch) from an undisturbed drive sample for test- 
ing in the three-dimensional consolidation apparatus. 
Specimen B was partially remoided by driving four ¥2- 
the same pile area to soil area ratio as planned for the 
plant foundations. Specimens C and D were tested in 
C was an undisturbed specimen cut from the same sam- 
ple as Specimens A and B, while the material for Speci- 
men D was obtained from the same sample and 
completely remolded and placed at approximately the 
same moisture content and density as Specimen C. 

Table 3 shows that the initial soil density for each of 
Specimens B was less than the density for Specimens A 
of the same sample. The difference in the initial density 
for Specimens A and B is 2.5 pcf for Sample No. 28K- 
323 and 1.7 pef for Sample No. 28K-327. In each case, 
Specimen A was taken from the bottom of the sample. 
The difference in the densities of Specimens A and B 
is due to unavoidable compression of the soft soil 
while taking the drive samples. This is also indicated 
by the lesser density of Specimens C, which were taken 
from the top of each drive sample. 

Also, the data in table 3 show that driving the 
model piles increased the soil density in each case 0.8 
pef. 

When the consolidation characteristics of Specimens 
A are compared with B, giving consideration to initial 
densities, it is evident that the consolidation-load rela- 
tion, as shown by the shape of the consolidation curves 
in figure 6, is very similar and indicates that the consoli- 
dation characteristics were not affected significantly by 
driving the model piles. Considering Specimens C and 
D in the same manner, complete remolding caused 
only a small amount of additional consolidation in the 
low-load range as compared with undisturbed con- 
ditions (0.75 percent at the approximate over-burden 
load). 


Test Procedures 


All standard laboratory tests were performed in ac- 
cordance with the procedures described in the Bureau 
of Reclamation’s Earth Mar al, First Edition, 1960. 
The special test procedures 2-. discussed in the text. 
























































Taste 3.—Summary of one-dimensional consolidation test results 
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SECTION Ili.—PILE TESTING PROGRAM 


Synopsis 

The results of the laboratory tests described under 
section II indicated that Willard Pumping Plants Nos. 
1 and 2 should be constructed on foundations requir- 
tested to determine their bearing capacity in various 
strata under the proposed pumping plants. Piles 1 to 4 
were located at Pumping Plant No. 1, and piles 5 and 6 
were at Pumping Plant No. 2. 

Piles 5 and 6 were tested to the specified maximum 
ioad of 40 tons using ASTM Test Designation D1143- 
57T, “Tentative Method of Test for Load-Settlement 
Relationship for Individual Piles under Vertical Axial 
Loads.” Figure 13 shows a typical detail of the method 
used for vertical loading of the test piles. The tests on 
piles 1 through 4 were also conducted according to this 
ASTM procedure, but the maximum loads were altered 
as follows: 

a. Test piles 1 and 2 were first subjected to vertical 
loading of 40 tons as provided by the specifications; 
then the piles were unloaded and zero load main- 
tained for 24 hours. They were then subjected to a 
constant load of 60 tons for 120 hours. After unload- 

















ing and again maintaining zero load for 24 hours, 
the vertical load was increased on each pile to 100 
tons or failure, whichever occurred first. Since the 
load of 100 tons was attained without failure of 
either pile, it was maintained for 24 hours and then 
unloaded, maintaining the zero load for 24 hours. 

b. Test piles 3 and 4 were first loaded to the 
specified 40 tons load; then in a second test each 
pile was loaded to 60 tons. In addition, pile 3 was 
tested to 80 tons. 

c. The vertical pull test on pile | was increased 
to 20 tons instead of the 10 tons specified; then in 
a second test the pile was pulled to the maximum 
capacity of the equipment, which was 30 tons. Piles 
2 and 5 were tested by vertical! pull to a maximum 
load of 10 tons, as originally specified. 


Test Sites 


The tests were at the sites of Willard Pumping 
Plants Nos. 1 and 2 (figure 1). 

The subsoil at Plant No. | consisted of interstratified 
layers of fine sand, silt, and lean clay. The drill logs in 
figures 14 and 15 indicate that the penetration resis- 
tance values vary from zero to about 45 blows per foot 
at Plant No. 1, with a very soft layer extending from 30 
to 35 feet of depth below the foundation excavation. 
At Plant No. 2, the first 28 feet of the present subsoil 
consisted of well-graded sand and gravel with a max- 
imum size of 5 inches (figure 16). The proposed foun- 
dation elevation of Plant No. 2 will be below this 
gravel. The material below the gravel is a lean clay 
with a penetration resistance value of between five and 
30 blows per foot, with the penetration resistance test 

Since the softer clay soils underlying Plant No. | 
presented the more difficult foundation problems, it 
was decided to drive and test four piles at this location. 
Two piles were tested at Plant No. 2. The locations 
of individual piles with respect to the drill holes at 
each site are given in figures 17 and 18. 

The proposed foundation elevations of Plants Nos. 
1 ano 2 were 35 and 30.5 feet, respectively, below the 
existing ground level. Five-foot-diameter steel casings 
were installed at the location of each test pile so that 
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Figure 14—Penetration resistance, pile driving record, and pile load tests for piles 3 and 4, Pumping Plant No. |. 
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Figure 15. —Penetration resistance, pile driving record, and pile load tests for piles | and2, Pumping Plant No. |. 
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Figure 16—Penctration resistance, pile driving record, and pile load tests for piles 5 and 6, Pumping Plant No. 2. 
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the piling could be tested at the proposed foundation 
elevations and under conditions that represent the exca- 
vation without friction of the present overburden af- 

The contractor used a crane with an orange-peel- 
type bucket (figure 19) to remove the soil from inside 
the casings as the casings were placed. At Plant No. 1, 
the casings advanced under their own weight as the 
soil inside was excavated. At a depth of about 25 to 
30 feet, the outside skin friction increased to the point 





where the casings stopped moving under their own 
weight, and it was even difficult to drive them. This 
problem was solved by not backfilling the area which 
slumped around the outside of the casings and by jet- 

The contractor found it extremely difficult to install 
the casings through the 28 feet of gravel at Plant No. 
2. The difficulties were increased because the gravel 
was cemented. The casings were driven by dropping a 
1,100-pound breaker ball on a reinforced beam laid 
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Figure 17.—Foundation exploration and pile testing plan for Plant No. 1. 
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Figure 18—Foundation exploration and pile testing plan for Plant No. 2. 











Figure 19—Installation of 5-foot-diameter casings. 


across the top of the casing. The breaker ball and 
beam may be seen at left center in figure 19. 
Equipment and Procedures 

Driving piles—The contractor’s pile-driving rig con- 
sisted of a crane with a 55-foot boom and extended 
hanging leads 70 feet long (figure 20). The pilings 
were driven with a single-acting air hammer (figure 
21), equipped with a standard base. 

The piles were equipped with steel driving shoes, 
and the head of each pile was fitted with a steel band 
to prevent damage during driving. 

The contractor elected to use a follower extension to 
drive the head of the piles down to elevations of 20 to 
25 feet below the existing ground elevation. The ex- 
tension shown in figure 22 was fabricated from a 22- 
foot length of 12-inch-wide flange beam, 65 pounds 
per foot. The same extension or a similar one was used 
to apply the bearing and pull loads to the test piling. 

The bracing shown in figure 23 was used to guide 
the piles at the start of the drive. When the heads of 
the piles were close to the ground surface, the exten- 
sion was added, and driving was continued to the spe- 

The design driving resistance of 40,000 pounds was 











computed by the formula given in the specifications to 
be 24 blows per foot with the Vulcan No. | hammer. 
Excessive driving resistance of 80,000 pounds was 
computed to be 60 blows per foot by the same formula. 
The specified formula is as follows: 


2WHE 
Pe Ss01 
where: 
P=bearing resistance in pounds, 40,000 or 
80,000 ; 
W =weight in pounds of striking part of hammer, 
5,000; 
H=stroke or fall in feet, 3; 
E=efficiency, 80 percent; 
S=average penetration in inches per blow for 
at least 10 to 20 blows. 


A continuous record of the number of blows re- 
quired to drive each pile was obtained and is shown in 
figures 14, 15, and 16. 

Bearing tests—Heavy construction equipment was 
used as the reaction load for all the vertical bearing 
tests. Two tractors with dozer blades and a crane sup- 
plied the necessary weight for the 100-ton tests on 
piles | and 2 (figure 24). As an added precaution, 1%4- 


beam and welded to the 5-foot-diameter steel casings 
for the tests on piles 1 through 4 (figure 25). The re- 
action load for piles 3 through 6 was supplied by two 
tractors with dozer blades, as shown in figure 26. 
The bearing tests were performed according to 
ASTM Test Designation D1143-57T, “Tentative 
Method of Test for Load-Settlement Relationship for 
Individual Piles under Vertical Axial Loads”. The test 
loads were applied to the piles with a 100-ton-capacity 
hydraulic jack in 5-ton increments. All settlement read- 
ings were made on a 54-inch by 54-inch by %-inch 
steel plate, which was attached to the top end of 
a %-inch pipe. This pipe extended from the ground 
surface down to a lag screw in the pile head. The tip 
of the dial indicator gage (4-inch travel, 0.001-inch 
graduations) rested on the steel plate. An engineer's 
scale was also attached to this plate and was read with 
a transit which was referenced to a level rod and target, 
as shown in figure 26. Both the level rod and the tripod 
legs of the transit were buried in the ground about 18 
inches. A typical installation of the dial gage and engi- 
neer’s scale is shown in figure 25. The gage in the 
background measured the movement of the pile head 
while the tip of the gage rested on the top of the 
%-inch pipe. The gage in the foreground is resting on a 
bracket attached to the hydraulic jack, which moved 





Figure 22—Pile driving extension. 











with the extension such that this second gage meas- 
ured the vertical movement of the upper end of the 
extension. This measurement was taken on the first 
few tests, then discontinued, as it included the takeup 
of slack in the extension. 

The dial gages were supported by a reference beam 
which was independent of the reaction load and the 
test pile. The reference beam for the tests on piles 4, 5, 
and 6 was an 18-foot length of 4-inch channel, 7.7 
pounds per foot, welded to two steel stakes driven 
into the ground about 24 feet. During the testing of 
pile 4, the entire area within about 10 feet of the casing 
settled and caused the reference beam to settle also. 
To correct this, a 3-inch channel, 5.7 pounds per foot, 
and the 4-inch channel were spliced to form a 34-foot 
beam. The bearing area of the stakes, to which the 
beam was attached, was increased by welding 8- by 
8-inch steel plates to the lower end of the stakes. This 
34-foot reference beam was used for the tests on piles 
1, 2, and 3 (figures 25 and 26). 

Another instrument which was used on the bearing 
tests of piles 5 and 6 is the pencil device for recording 
lateral movement of the pile extension shown in figure 
27. The device was useful to detect lateral movement 
of the reaction beam when the limit of the reaction 
load was reached and the load shifted slightly. The use 
of this device was discontinued when the contractor 


started attaching the reaction beam to the casing with 
1%-inch reinforcing bars. 

Pull tests—Figure 28 illustrates the general test set 
up for the pull tests except that, for the tests on pile 
1, two 18-inch I-beams, 54.7 pounds per foot, placed 
side by side were used. 

The pull tests were performed according to the pro- 
cedure given in the specifications. All loading incre- 
ments and unloading decrements for the 20-ton pull 
test on pile 1 were double those specified for the 10-ton 
pull tests. The 3C-ton failure pull test on pile 1 was 
applied in 5-ton increments at 5-minute time intervals. 
The gage and level readings were made in a manner 
identical to those taken for the bearing tests. 

The pull force was transmitted to the pile by a 12- 
inch-wide steel band. The band was formed by two 
semicircular pieces bolted together with 1'4-inch bolts 
and recessed into the butt of the pile. These were also 
spiked to the pile with six mine rail spikes. The pulling 
bars shown in figure 28 were attached to the follower, 
which in turn was attached to the band on the pile by 
a similar set of pulling bars. 

Vane shear tests—To investigate the possible effect 
of remolding caused by pile driving, vane tests were 
performed at Plant No. | in the vicinity of piles 1 and 
2. These tests were made at depths of 45 and 60 feet 
before driving piles, and again within 24 hours after 
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Figure 25.—Test set-up on pile 3. 


driving piles 1 and 2. The after-driving vane tests were 
made within 3 feet of each pile and at the same depths. 
After the testing of piles 1 and 2 was complete, a third 
series of vane tests was made within 1% feet of piles | 
and 2 and at the same depths as previous vane tests. 
These tests were performed about 6 weeks after the 


26 


piles were driven. All the tests were conducted accord- 
ing to Designation E-20, “In-place Vane Shear Test”, 
First Edition of the Bureau of Reclamation Earth 
Manual, with one exception. The remolded portion of 
the test was repeated several times with the vane being 
rotated 360° between each repetition. 
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Figure 26 —Loading for piles 3 through 6. 
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Figure 28 —Pull test equipment on pile 5. 


Test Results 


Pile driving—At each of the three drill hole loca- 
tions selected for tests, two piles were driven, a long 
pile and a pile driven to a tip location in the upper 
strata of material showing relatively high values by the 
penetration resistance test. The depths of drive speci- 
fied were to be within certain limits. The driving rec- 
ords given in figures 14 through 16 show the depths to 
which the piles were driven. 

Pile 6 at Plant No. 2 (figure 16) was driven to nearly 
the limiting depth but also reached a bearing capacity 
of 20 tons by the EN formula. Some difficulty was en- 
countered during the driving of pile 6 because this was 
the first pile driven and because it was a pile with a 
relatively large tip of more than 8 inches in diameter. 
This may partly contribute to a relatively high bearing 
capacity. The longer pile, No. 5, at this location, only 
reached a bearing capacity of about 11 tons by the EN 
formula at the same depth as pile 6, but when driven 
to a depth of 95 feet into the lower, relatively firm clay 
stratum, a value of 28 tons by the EN formula was 
obtained. 

Piles at Plant No. 1 were likewise driven to two 
different depths, as shown in figures 14 and 15. How- 
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ever, these piles encountered occasional layers of dense 
sand. The driving records of piles 3 and 4 were similar, 
and the minimum trends of the curves indicate bearing 
capacity at 90-foot depth, by the EN formula, of from 
16 to 30 tons, and a 40-ton value of bearing capacity 
was reached for the long pile (pile 3) when it ap- 
proached, or just entered, the deeper firm layer. The 
driving record of piles 1 and 2, shown in figure 15, in- 
dicates slightly lower minimum driving resistance 
trends than that shown by piles 3 and 4. The penetra- 
tion resistance test values, shown in figure 15, were also 
less for this location than those shown in figure 14. 

With the exception of the high-driving resistance 
which developed for a short distance after each delay 
in driving, excessive driving resistance was developed 
only on pile 3, as shown on figure 14. This was within 
the range where jetting could be used at the direction 
of the contracting officer. Since the pile tip was very 
near the desired depth, it was decided to stop driving at 
102.1 feet and not use jetting. Pile 3 drove as if the tip 
was already in the silt and fine sand stratum, which 
the log indicated was at 105 feet. Since pile 3 was the 
only one which developed excessive driving resistance, 
no jetting was used for any of the piles. 




















Depth Elevation 
Daigeeten «=| Flam | below diaber Location 
-™ site surface Tip Top of length in soil 
(feet) (feet) timber (feet) (feet) 
(feet) 
BF RAR cccccccccccceses 2 95.2 4159.3 4244.3 85.0 65 DH 565 
Pe sccccccoceooseoes 2 76.5 4178.0 4248.0 70.0 Rad) DH 565 
DF BGR ccccccccccccccce 1 102.1 4122.4 4207.4 85.0 67 DH 572 
OB iccccccccccccccces 1 89.8 416.7 4244.7 0.0 55 DH 572 
BF Bec ccccccccccccces 1 110.0 4114.5 4199.8 85.3 75 DH 573 
BR  Mirocccccccoecceces 1 88.3 4136.2 4196.4 0.2 53 DH 573 




















Bearing tests—None of the bearing tests produced 
rapid progressive settlement or any indication of failure 
by the criteria given below. There are many arbitrary 
been established as a standard. These rules have been 
established by various building codes for the purpose 
of determining allowable working loads on the basis 
of pile tests. The criteria are of two basic types: 

1. Failure is considered at the load where settle- 
ment increases in appreciably greater proportions 
than load increases, and is generally determined by 
observing a plotted curve of the test results. 

2. The ultimate load is considered when settle- 
ment reaches certain maximum values based on sev- 
eral types of observations, such as: 

a. Total movement of more than | inch should 
never be allowed (New Yc k City Code). How- 
ever, this alone is not sufficient, and additional 
criteria are recommended. 

b. Total movement should not be more than 
0.01 inch per ton of test load (Department of 
Public Works of California, Pacific Coast Uni- 
form Building Code, and Chicago Building Code). 

c. Net settlement after load is released should 
not be more than 0.25 inch (American Associ- 
ation of State Highway Officials and New York 
State Department of Public Works). 

A brief summary of the bearing test results is as 
follows: 

1. The load tests at Plant No. 2, shown in figure 
16, were conducted to the specified total load of 40 
tons. For both piles, maximum movement of the top 


measuring point on the timber pile was 0.35 inch 


and then reloaded to 80 tons. Pile 4 was reloaded 
to 60 tons. These tests showed that no permanent 
set occurred for either pile after the loads were re- 
of the previously mentioned failure criteria, except 
the 80-ton test on pile 3, which had slightly more 
than 0.8-inch maximum movement, or 0.01 inch per 
ton of load, but showed no permanent set upon re- 
lease of this load. It must be remembered that the 
movement of the upper part of pile 3 may be greater 
than that occurring in normal test piles, because this 
pile extended above the bottom of casings and had 
considerable length (18 feet) that was not embedded 
in soil. In any event, the 60-ton load test did not 
show signs of failure, and none of the load tests 
showed any permanent set. 

3. Pile tests 1 and 2 at Plant No. 1, shown in 
figure 15, were conducted to loads of 40, 60, and 
100 tons. The 60-ton load was maintained on piles 
1 and 2 for 5 days to observe movements with re- 
spect to a long period of time. The results of all 
these tests were well within the limitations of the 
long-time tests on piles 1 and 2, it was noted that 
fluctuations occurred in pile movement as a result 
of temperature. Temperature observations were 
made during the bearing tests and it was noted that, 
as temperature raised, movement measurements 
increased. Conversely, as temperatures dropped, 
movement measurements decreased. Where move- 
ments are very small, as they were im these tests, 
this comparison became important. 

The performing of the pile tests at Plant No. | to 


or less, and no permanent set of the pile after the 
load was released was observed. 

2. Pile tests 3 and 4 at Plant No. |, shown in 
figure 14, were. also conducted to the specified load 
of 40 tons. Pile 3 was then tested further to 60 tons 


loads higher than 40 tons was a precautionary meas- 
ure to take care of the possibility that pile penetration 
might disturb the soft, and possibly sensitive, soil which 
occurs between depths of 40 and 70 feet below present 
ground surface, causing this remolded soil to settle and 





load the piles an additional amount by dragging on 
the piles. Recognizing that this may occur, pile tests 
were performed to 80 and 100 tons. Penetration re- 
sistance test values in the soft clay strata varied from 
0 to eaght blows per foot. 

The tests at Plant No. 2 were made as originally 
specified and to loads not higher than twice the de- 
sign load, or 40 tons. However, it is believed that the 
problem of sensitive clay in the upper stratum docs 
not exist at this site. The penetration resistance test 
(figure 16), between the depths of 30 and 60 feet, in- 
dicates material with more than five blows per foot and 
as much as 12 blows. This clay is described as being 
medium to stiff, with unconfined compressive strengths 
of from 10 to 20 psi. Bureau studies would indicate a 
probable in-place vane shear strength of about 7 to 
15 psi. 

Furthermore, there were obtained from Drill Hole 
DH-565, at Plant No. 2, four undisturbed samples at 
the depths indicated on the logs in figure 16. The re- 
sults of laboratory tests on these samples are shown in 
table 5. Also shown in table 5 are the undisturbed 
sample data of two samples at depths of 43 and 48 
feet which were from holes within 600 feet of Plant 
No. 1. The one set of test data obtained from Sample 
28K-227, which was taken at a depth of 55 to 57 feet 
in DH-565 at Plant No. 2, shows that the in-place 
moisture content is 5 percent less than the liquid limit, 
indicating no more than a medium sensitive clay when 
it is considered that all clays have some degree of sen- 
sitivity. In contrast to these data, the two samples tested 
from near Plant No. | showed that the in-place 
moisture content was either near to, or above, the liquid 
limit. This could mean that the Plant No. | soil is more 
sensitive, which is also indicated by the zero value of 


the penetration resistance and relatively low shear 


Pull tests—The test data of the four pull tests are 
presented graphically on figures 15 and 16. Gage read- 
ings were used for plotting all except the 20-ton pull 
test on pile 1. After the test was started, it was dis- 
covered that the stem of the dial gage was sticking, so 
the level readings were used for plotting the 20-ton 
pull test on pile 1. 

The data for the 10-ton pull test on pile 2 presented 
an unusual looking curve, but nothing in the test setup, 
equipment, or procedure offered an explanation. 

The 10-ton pull test on pile 5 indicated les than 
0.10-inch uplift and practically no permanent set 
(0.009 inch). The 20-ton pull test on pile 1 produced 
an uplift of 0.14 inch and a permanent set of 0.04 inch. 

During the failure pull test on pile 1, the pile did not 
pull out. The bottom set of pulling bars failed as an 
attempt was made to increase the pull from 30 to 35 
tons. 

Vane tests—Observation of the vane test results 
(figure 9 and table 6) reveals that driving and testing 
of the piles caused little or no changes in the vane test 
values. In some tests, the after-driving values were even 
greater than the before-driving values. The smal! dif- 
ferences are well within normally anticipated differ- 
ences for vane shear tests. Although most tests showed 
only a slight reduction in shear strength in the undis- 
turbed portion of the curves, similar slight reductions 
also occurred in remolded portions of the curves. For 
all the tests at 45-foot depth, the undisturbed strengths 
ranged from 7.6 to 4.6 psi and the remolded strengths 
ranged from 4.0 to 1.6 psi, and at 60-foot depth the 
undisturbed strengths ranged from 7.0 to 6.4 psi and 
the remolded strengths ranged from 2.8 to 1.6 psi. It 
is important that the plots in figure 9 of the vane test 
observations be noted to see the similarity between the 
before tests and the after tests and the occasions when 


some of the after tests showed slightly higher strengths 








strength that have been observed. than the before tests. 
Taare 5.—Data on undisturbed samples 
Liquidity 
Hole No. (feet) —— LL PL PI index 

cumple we — deceity (ped content | (percent) | (percent) ue 
(percent W) CL—PL 
565—Plant No. 2..... 93.1 28.1 33 18 15 0.67 
565—Pilant No. 2..... 9.8 28.7 : ) 
5465—Plant No. 2..... 83.2 4.9 , , 
565—Plant No. 2..... 4.0 BoD fe ccccccccdlosccccccocioceces pee 
576—Piant No. 1..... 74.2 46.8 37 17 20 1.0 
“9 20 29 a 
579—Plant No. 1..... 67.3 55.2 52 23 7 1.1 









































Tasiz 6.—V ane test results before and after pile driving—Test piling for Willard Pumping Plants Nos. 1 and 2 
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Tastz 6.—Vane test results before and after pile driving —Test piling for Willard Pumping Plants Nos. | and 2— 
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Note: The columns marked Remolded A, B, C, D, and E refer to repetitions of the remolded portion of the vane tests which 
were performed to thoroughly evaluate the remoided strength of the soil 


It was initially recognized that there could be a pos- 
sibility that remolding effects would exist at Plant No. 


1. However, the vane tests and other laboratory tests 
did not indicate this to be an appreciable amount. In 

this characteristic to the results at Plant No. 
2, it is believed that this problem is even less at Plant 
No. 2 because of the greater firmness and lower sensi- 
tivity. In other words, the clays at Plant No. 2 were 
considered to Le no more of a problem than any other 
normal clay soil through which piles are usually 
driven. 


Pile Heaving 

During driving of piles in the softer saturated clays 
of the Willard Pumping Plant foundations, heaving of 
the surfaces was expected because the soil displaced by 
the piles and surrounding soil had not had time to 
consolidate. This is not considered unusual for the type 
of soils encountered at these pumping plants, and was 
observed during driving of test piles at the site of Plant 
No. 1. The observers estimated the amount of soil 
heaving around a test pile driven inside the 5-foot- 
diameter casing to be about ¥ foot. These observa- 
tions were difficult because of the soft materials in the 


bottom of the casing, and many observations were 
misleading because of the inflow of material into the 
bottom of the casing, resulting from the dewacering and 
loosening of the soil during the casing installation. 

A heaving of the foundation surface was expected 
when the piles were driven. The heaving caused by the 
later piles driven may actually lift previous piles driven. 
Therefore, piles were carefully checked for elevation. 


Application of Driving Formulae 

All literature on pile driving emphatically states that 
pile driving formulae have no relationship to pile ca- 
pacity when driving is in a clay. In the case of Willard 
Pumping Plant, the formulae were recommended as a 
guide to make the foundation piles similar to those 
that have been satisfactorily tested. 

The reason that formulae are not applicable is best 
illustrated by Chellis on page 27 of his publication, 
“Pile Foundation”. During driving, resistance is pri- 
marily end resistance; after driving, the pile sets up, 
and its support is gained by friction along the pile be- 
fore its end is stressed and thus the end resistance 
shown by driving is not being utilized, although it ap- 
parently is still available. Although Chellis indicates no 





end bearing in his example, it is believed that even the 
short piles tested at Willard Plant No. | are partly 
supported by end bearing on firm sand strata with 
high penetration resistance test values. If the end-bear- 
ing viewpoint is not accepted for the case of Willard 
Plant No. 1, these piles will have at least 10 and as 
much as 20 feet of their lower end length embedded in 
clay above. 
Maximum Design Loads 

Indications from the tests were that piles would 


stand the maximum load for timber piles of 25 tons, 
with 20 tons dead load being a reasonable design value: 


1. A condition assuming no drag effect on piles 
due to remolding of the soft clay was analyzed. If a 
25-ton load is placed on each pile, the safe capacity 
of a single pile in the group with respect to the soil 
when group effect is considered to be 70-percent 
reduction is: 

25 


07072" tons. 


If a safety factor of 2 is used, the load test must show 
no failure for a maximum load of 2 35.7=71.4 
tons. Piles 3 and 4 were tested to 60 tons without any 
indication of failure, and piles 1 and 2 were tested 
to 100 tons with no failure. 


2. Although test data indicated that detrimental 
remolding of the soil would not occur due to pile 
driving, the condition assuming maximum drag on 
the pile from the soft clay was analyzed. For the 
worst condition, this was assumed to be the total 
buoyant weight of the clay for a prism of soil 4 feet 
square and 35 feet deep (see “Foundation Engineer- 
ing” by Peck, Hanson, and Thornburn). 


—_ pile 47H (4x4)(1 158.436) 


16(52.6)(35) 
= ; = 29,500 pounds 
=15 tons. 


If 25 tons were placed on the pile, the safe capacity 
of a single pile would be 25+ 15 and, with adjust- 
ments for the group effect, would become: 


25+15 
0.70 ~ >" tons. 


No piles showed failure, and piles | and 2 were 
loaded to 100 tons with no indication of failure. 
Again, it was believed the pile driving in this ma- 
terial would not result in completely remolding the 
soil. Even if it did, the piles would have a safety fac- 
tor against failure of at least “P71 75, 














SECTION IV.—CONSTRUCTION SETTLEMENT 
TESTS 


Synopsis 

This section of the report relates the settlement 
studies at Willard Pumping Plants Nos. 1 and 2 to 
ing two earthquakes that occurred during construc- 
tion of the plants. 


Plant Construction 


Based on the favorable results of the pile load tests, 
that the pile foundations and the necessary excavation 
would be as shown in figure 29. At both plants, the 
piles were driven to depths of about 80 feet below the 
bottom of the plant, transferring the structure load to 
the more competent firm clay at about 105 to 120 feet 
below ground surface. Pile driving and plant construc- 
tion at both plants were begun early in 1962. After 
completion of the pile foundation and the preparation 


fieer 
LL, MMU. Yy A * WY Vier 8 were 





PUMPING PLANT He |! 





PUBPING PLANT He 8 


Figure 29 —Sections of pumping plants and backfill. 





for the concrete base, settlement benchmarks were in- 
stalled on augers in the subsoils between piles and in 
the concrete base floors of each plant, figure 30. Ele- 
vations of the benchmarks were determined by refer- 
ence to established benchmarks located outside the 
construction area. 

Construction Sequence 

Excavation and pile driving at the site for Plant No. 
1 were completed, and construction was begun at this 
plant on May 28, 1962. The sequence of construction 
events is shown in table 7, and structure and backfill 
elevations are shown in figure 29. 

Excavation and pile driving at the site for Plant No. 
2 were completed and construction of the plant was 
begun on March 30, 1962. The sequence of construc- 
tion events is shown in table 8, and structure and back- 
fill elevations are shown in figure 29. 


Settlement Observations 


As previously discussed, settlement observation 
points and benchmarks were placed on earth augers 


Tasie 7.—Sequence of construction for Plant No. 1 
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PUMPING PLANT No.2 


Figure 30.—Typical settlement observation point installations. 


Taare 8.—Sequence of construction for Plant No. 2 

















Item Date begun Date 

Feet) Meters 

Plant con- 

struction : 

Bottom slab..|.............. Mar. 26, 1962 1287.8 
eddecedoccecceccocss May 28, 1962 1295.4 
Pump floor...|.............. Aug. 1, 1962 1295.4 
Motor floor...).............. Oct. 11, 1962 1300.0 
Backfill... Sept. 11, 1962 | Nov. 15, 1962 1300.0 














set between piles and in the plant floors. Initial eleva- 
tions were obtained for each of these. The settlement 
observation points and benchmarks were located at im- 
portant points in the plant areas. 

Observations were begun in the spring of 1962. 
Initially, the observations were made at 10-day inter- 
vals. However, this interval was extended to 30 days 


when indications were that settlement rates had de- 
creased sufficiently, and was further extended to 3 
months when settlement was virtually complete. 

Foundation conditions at Plant No. 1, shown by the 
logs and penetration resistance data in figures 14 and 
15, were far more susceptible to settlement than at 
Plant No. 2. The data in table 9 typify the difference 
in the foundation soils below the two plants. The dif- 
ference in natural density, consolidation, and sensitiv- 
ity indicates the greater susceptibility to settlement at 
Plant No. 1. 

Also, the load applied to the foundation soils was 
greater at Plant No. | because of the large volume of 
records we: : kept of the settlement at each benchmark 
and of the construction activities. Figure 31 shows a 
typical curve of settlement with time. Also shown ar 
the dates of the construction activities. 

Foundation conditions at Plant No. 2, as shown by 
the log in figure 16, were not unusual and settlement 
was not of as much concern as it was at Plant No. 1. 


Tasiz 9.—Foundation soil comparison 








One- 
Depth Natural LL dimensional Qualitative estimate 
(feet) thot PI | consolidation | Tan | Cohesion | of soil sensitivity 
(000 ph tea 
) 
Plant No. 1....... | 45 74.3 37 20 24 0.6 1.0 | Sensitive. 
Plant No. 2....... | 6 93.1 33 1S 13 0.5 2.7 | Nonsensitive. 





























ties noted, as was done at Plant No. 1. Figure 31 pre- 
sents a typical curve of settlement with time, and 
relates the settlement rate to the construction activities. 


Discussion of Settlement 
General—For the purpose of <iarity, settlements at 
Greater attention is paid to the settlement at Plant No. 
1 because most of the problems were connected with 
the foundation at this plant. The events that caused 
settlement at each plant are discussed in chronological 
order and the rate of settlement is related to them at 
the time they occurred. Settlement curves for both 
plants are presented in figure 31, and the construction 
activities are shown at the time of their occurrence. 
Settlement readings at all other observation points 
were so similar to those presented that it was obvious 
that differential settlement was not significant at either 
Plant No. | or 2. The earthquakes that occurred dur- 
Plant No. 1-—Settlement readings at this plant were 
begun on May 28, 1962, when the pile foundation was 
complete and the pump floor was under construction. 
For the first 94 days after readings were begun, settle- 
ment occurred at a constant rate of about 0.15 foot per 
year. This settlement can be attributed to compression 
of the piles and to recovery from the heave that oc- 
curred during driving of the pile foundation. Total 
settlement in this period was about 0.04 foot. At the 
end of 94 days, backfill operations were begun, and two 
earthquakes of moderate intensity occurred. Simulta- 
neous with these events the rate of settlement increased 
to 1.5 feet per year and remained essentially constant 
at this rate until 110 days after the start of observation. 
Between 110 and 125 days, ground water was al- 
lowed to rise to the pump floor, and the direction of 
foundation movement was reversed Subsequently, set- 
tlement continued at a nearly constant rate of 0.50 foot 
per year until about 180 days had elapsed. At this time 
backfilling was completed to the original ground sur- 
face, and thereafter the settlement rate decreased. 


Within the period from 94 to 180 days the structure 
was nearly completed to the motor floor at elevation 
4229. The total settlement during this period was 
about 0.16 foot. 

During the period from 180 to 273 days no backfill 
was placed and construction of the superstructure was 
nearly completed. Total settlement during this period 
was 0.01 foot, a rate of 0.04 foot per year, which is 
negligible when compared to that in the previous 
period. 

Placing of Zone | backfill material above the ground 
surface in a 5-foot layer for a limited area around the 
plant was begun after 273 days and was completed 
between that time and 357 days. During this period 
the plant superstructure was completed and the pumps 
and motors installed. The rate of settlement during 
this period increased to about 0.09 foot per year and 
the total setttlement was about 0.02 foot. 

After 358 days the plant was completed and, from 
that time until 1,600 days had elapsed, an additional 
settlement of only 0.04 foot occurred. 

In review of the events that occurred during the 
construction of this plant and their relationship to the 
settlement of the plant, it is evident that backfilling of 
the excavated area was the greatest contributing factor 
to settlement. The structure itself undoubtedly had 
some part in causing the settlement, but from the ob- 
served data this must have been a minor amount. 
were begun on March 30, 1962. From the beginning of 
observations, settlement occurred at a nearly constant 
rate of 0.20 foot per year until about 250 days. During 
this period, construction of the structure was nearly 
completed and the backfill placed. The individual ef- 
fect of each of these events on the settlement is not 
distinctly separable from the effects of the total con- 
them. The total settlement during this period was 
about 0.14 foot. After 250 days the settlement rate de- 
creased to 0.007 foot per year and remained constant 


with the exception of minor and temporary discrepan- 
37 
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Figure 31.—Typical settlement observations—Pumping Plants Nos. | and 2. 
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250 and 1,650 days was about 0.03 foot. 

There was nothing unusual about the settlement rec- 
ord of this plant; the settlement resulted from backfill 
and structural loads as at Plant No. 1. The amount 
and rate of settlement are within normal limits for 
structures of this type founded on piles in this type soil. 


Summary and Conclusions 

Each of the two pumping plants presented different 
foundation conditions and consequently different set- 
soil underlying Plant No. | is mostly soft silts and clays. 
The conclusions related to this plant are best illus- 
trated by figure 32. When the plant's settlement is com- 
pared to that of the nearby bypass canal and discharge 
structures, which are not pile supported and involved 
considerably less load changes, the critical nature of the 
foundation becomes apparent. /t is obvious that, if 


not been pile supported, its settlement would have been 
greater than those of the bypass canal and discharge 
structures. 

The pile foundation supported the structure on 
firmer soils at greater depth, but did not completely 
prevent settlement caused by the extensive backfill 
operation. Although the backfill load is only a slight 
increase over previously existing loads, the soils are so 
critical that the reloading consolidation is significant 
and is the obvious reason for the rapid settlement dur- 
ing construction. After completion of construction, it 
appears that the plant is being adequately supported 
by the pile foundation. 

Plant No. 2 is founded on a moderately stable soil 
foundation. The settlement at this plant occurred with 
no unusual deviations from an essentially constant rate 
of settlement during construction, with a gradual ta- 
pering to a nearly stable condition after completion of 
construction. 
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ELAPSED TIME ~-ODAYS 
Figure 32 —Comparison of settlement of Pumping Plant No. | with other structures. 





ABSTRACT 


loading tests, and vane shear tests adjacent to the test 


piles. Special laboratory tests were conducted to eval- 
uate changes in soil compressibility due to pile driving 


and to study changes in pile bearing strength with time. 
Procedures for the field pile testing progran are out- 
lined, and settlements recorded during and after foun- 
dation construction are discussed. Validity and value 
of the foundation testing program were confirmed by 
the results of settlement observations. 

Descartrors—*pile foundations / *foundation in- 
vestigations / vane shear tests / stability analysis / fric- 
ton piles/pumping plants/*settlement/model tests / 
test procedures / soil compression tests / fine-grained 
soils / pile driving / wood piles / penetration tests / 
backfills / excavation / clays / soil investigations / sedi- 
ments / silts. 

Ipentirizns—*pile tests / pile-driving formulas / 
Willard Pumping Plant, Utah / Utah. 
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Partial List of 
WATER RESOURCES TECHNICAL PUBLICATIONS’ 


Ground-Water Movement 

Stress Analysis of Wye Branches 

Hydraulic Design of Transitions for Smal] Canals 

Control of Cracking in Mass Concrete Structures 

Effect of Snow Compaction on Runoff from Rain on Snow 
Guide for Preliminary Design of Arch Dams 

Hydraulic Model Studies for Morrow Point Dam 


Research— Engineering Methods and Materials 

Aquatic Weed Control Studies 

Soils Tests Computer Programs 

Hydraulic Downpull Forces on Large Gates 

Park Range Atmospheric Water Resources Program—Phase I 

Annual Report of Progress on Engineering Research — 1965 

Effects of Monolayers on Insects, Fish and Wildlife—A Reservoir Evaporation 


Annual Report of Progress on Engineering Research— 1966 
Pile Supported Structures in Lake Deposits 

Buried Asphalt Membrane Cana! Lining 

Removal of Saline Waters from Aquifers 


Trinity River Division Features of the Central Valley Project 
Twin Buttes Dam 
Morrow Point Dam and Powerplant Foundation Investigations 


*For « pamphlet listing other Bureau of Reclamation publications, address Office of Chief 


Engineer, Attention 641, Denver Federal Center, Denver, Colo. 80225. 
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